Addition of glucose to acetate-grown cells of Saccharomyces cerevisiae caused a rapid transient increase in the cAMP level followed by a 10-fold, transient increase in the activity of trehalase. Ethidium bromide and acridine analogues inhibited both glucose-induced responses in a similar way, confirming the role of the cAMP signal as the second messenger in the sugar-induced activation of trehalase. When nitrogen sources or protein synthesis inhibitors were added after the transient glucose-induced increase in the trehalase activity, a rapid reactivation of trehalase occurred. In this case, however, there was only a very small increase in the cAMP level, which appeared to be insignificant. When the nitrogen source or the protein synthesis inhibitor was added together with glucose, the trehalase activity remained high for a much longer time also without a signific-_.r effect on the cAMP level. When a membrane depolarizing agent was added together with the glucose, both the trehalase activity and the cAMP level remained high. Reversibility experiments in which trehalase was activated to different degrees also showed that for high sugar-induced trehalase activation a high cAMP level is needed, while nitrogen sources stimulate trehalase activity without affecting cAMP levels. In cell extracts, both cAMP and cGMP were able to activate trehalase, the latter however only at 10-fold higher concentrations. The cGMP level in viuo was about 10-fold lower than the cAMP level and was not significantly affected by nitrogen sources or protein synthesis inhibitors. Hence, neither cAMP nor cGMP seem to be involved as the second messenger in the stimulating effect of nitrogen sources and protein synthesis inhibitors on trehalase activity in yeast. Since all other evidence obtained here and before strongly points to regulation of trehalase by a 'CAMP-dependent' protein kinase, we suggest that the presence of a nitrogen source in the growth medium of yeast induces the rapid synthesis of an alternative second messenger able to activate this or another protein kinase.
Addition of glucose to acetate-grown cells of Saccharomyces cerevisiae caused a rapid transient increase in the cAMP level followed by a 10-fold, transient increase in the activity of trehalase. Ethidium bromide and acridine analogues inhibited both glucose-induced responses in a similar way, confirming the role of the cAMP signal as the second messenger in the sugar-induced activation of trehalase. When nitrogen sources or protein synthesis inhibitors were added after the transient glucose-induced increase in the trehalase activity, a rapid reactivation of trehalase occurred. In this case, however, there was only a very small increase in the cAMP level, which appeared to be insignificant. When the nitrogen source or the protein synthesis inhibitor was added together with glucose, the trehalase activity remained high for a much longer time also without a signific-_.r effect on the cAMP level. When a membrane depolarizing agent was added together with the glucose, both the trehalase activity and the cAMP level remained high. Reversibility experiments in which trehalase was activated to different degrees also showed that for high sugar-induced trehalase activation a high cAMP level is needed, while nitrogen sources stimulate trehalase activity without affecting cAMP levels. In cell extracts, both cAMP and cGMP were able to activate trehalase, the latter however only at 10-fold higher concentrations. The cGMP level in viuo was about 10-fold lower than the cAMP level and was not significantly affected by nitrogen sources or protein synthesis inhibitors. Hence, neither cAMP nor cGMP seem to be involved as the second messenger in the stimulating effect of nitrogen sources and protein synthesis inhibitors on trehalase activity in yeast. Since all other evidence obtained here and before strongly points to regulation of trehalase by a 'CAMP-dependent' protein kinase, we suggest that the presence of a nitrogen source in the growth medium of yeast induces the rapid synthesis of an alternative second messenger able to activate this or another protein kinase.
I N T R O D U C T I O N
Addition of glucose to Saccharomyces cereuisiae cells grown on non-fermentable carbon sources, stationary phase cells and ascospores triggers a CAMP-dependent phosphorylation cascade similar to the well-known hormone-induced phosphorylation cascades in mammalian cells (Thevelein, 1984a; Holzer, 1984) . This cascade is thought to be responsible for the rapid activity changes of certain enzymes under these conditions. In all cell types, the activity of trehalase increases 10-fold within 5 min (Van der Plaat, 1974; Thevelein et al., 1982) while in vegetative cells the activity of fructose-l,6-bisphosphatase is greatly reduced (Gancedo, 1971) . The activity of trehalase (reviewed by Thevelein, 1984a) and fructose-l,6-bisphosphatase (reviewed by Holzer, 1984 ) is regulated by CAMP-dependent protein phosphorylation. The activity changes of both enzymes are preceded by a rapid, transient increase of the cAMP level (Van der Plaat, 1974; Mazon et al., 1982; Purwin et al., 1982; Tortora et al., 1982; Thevelein, 1984a) .
Fungi possess two types of trehalases: a purely hydrolytic or non-regulatory trehalase and a regulatory trehalase (Thevelein, 1984a) . (Non-regulatory and regulatory refer to the regulation of trehalose breakdown.) Both appear to be present in yeast: the former in the vacuole and the latter, which can be activated by protein phosphorylation, in the cytoplasm (Londesborough & Varimo, 1984) .
In yeast ascospores, the activation of trehalase by addition of glucose was shown to be influenced strongly by the presence of nitrogen sources and protein synthesis inhibitors. In their absence the trehalase activity decreases back to a low level after about 10 to 20 min. In their presence the trehalase activity remains high for a much longer time (Thevelein et al., 1982; Thevelein & Jones, 1983) . When nitrogen sources are added after the trehalase activity has decayed back to a low level, the enzyme is quickly reactivated (Thevelein, 1984b; Thevelein & Jones, 1983) . In ascospores, the nitrogen source-induced reactivation of trehalase was associated with a distinct cAMP signal. In stationary phase and acetate-grown cells, a small increase of the cAMP level was observed, which, compared to the glucose-induced cAMP signal, did not appear to be significant (Thevelein, 1984b) . In this paper, a number of experiments are reported which clearly show that the stimulating effect of nitrogen sources and protein synthesis inhibitors on the activity of trehalase is mediated neither by a change in the cAMP level, nor by a change in the cGMP level.
M E T H O D S
Yeast strain and culture conditions. Vegetative cells of the diploid strain Y55 of the yeast Saccharomyces cerevisiae (formerly called Pichia pastoris strain Y55) were used in all experiments. The systematic position of this yeast has been disputed in the past [e.g. Barton et al. (1980) versus Rousseau & Halvorson (1973) l. A recent investigation on our behalf by the Yeast Division of the Centraalbureau voor Schimmelcultures, Delft, The Netherlands, has identified the Y 55 strain as belonging to the species Saccharomyces cerecisiae.
The cells were grown to a density of about 8 mg wet weight ml-' in a medium containing 2"/, (w/v) potassium acetate pH 6, 1 % (w/v) peptone and 0.5% yeast extract. The cultures were quickly cooled in ice, and the cells were harvested by centrifugation and washed with ice-cold 25 mM-MES buffer pH 6
Trehalase activation. Time-course measurements of the activity of trehalase were made as described previously (Thevelein, 1984b) , in suspensions containing 20 mg cells ml-' when 100 mM-glucose was used or 10 mg cells ml-' when 45 or 60 mM-glucose was used. Reversibility experiments were done as described before for ascospores (Thevelein & Jones, 1983) .
Preparation ojthe crude enzyme extract. Suspensions of 50 mg cells in 0.5 ml ice-cold extraction buffer (0.05 Mpotassium phosphate pH 7) were transferred into small (1.0 cm diameter) precooled test tubes containing 1.5 g glass beads (0.5 mm diameter). The cells were broken by vibration of the test tube on a vortex mixer for 90 s. The crude enzyme extract was centrifuged for 4 min at 1OOOOg. The supernatant was dialysed at 4 "C in 5 mMpotassium phosphate buffer pH 7 for several hours. The protein content of the extracts was approximately 3 mg ml-.
Trehalase assay and protein determination. Trehalase activity was determined as described previously . Protein content was determined by the Lowry method. The specific activity of trehalase is expressed as nmol glucose liberated min-' (mg protein)-'. cAMP determination. cAMP levels and trehalase activity were always determined simultaneously on the same cultures. cAMP was measured in suspensions containing 20 mg cells ml-' as described before (Thevelein, 1984b) except that 250 pl of the perchloric acid supernatant was neutralized with about 30 p15 M-K,CO, after which 50 p1 2 M-Tris buffer pH 7.5 was added together with about 20 p1 H,O to give a total volume of 350 p1~ cAMP concentrations are expressed as nmol (g wet wt)-'. cGMP determination. cGMP levels were measured in the same way as cAMP levels except that for each determination 75 mg cells were used instead of 50 mg and the cells were homogenized in 0.6 ml 1 M-perchloric acid instead of 1 ml. A cGMP assay kit (Amersham) was used for all determinations. The presence of cAMP in the extracts did not affect the cGMP measurements. Similar control experiments were done as described previously for CAMP determination (Thevelein, 1984b) . cGMP concentrations are expressed as nmol (g wet wt)-'.
Activation ojtrehalase in citro. Samples containing 700 mg cells in 5 ml25 mM-MES buffer pH 6 were incubated for 10 min at 25°C in a water bath shaker. Ice-cold distilled water (45 ml) was added and the cells were collected by centrifugation. The cells were resuspended in 1 ml ice-cold extraction buffer containing 0.05 M-pOtaSSiUm phosphate pH 6.5, 1 mM-EDTA and 1 mM-dithiothreitol. Just before extraction 20 pl of a 0.1 M-phenylmethylsulphony1 fluoride (PMSF) solution in ethanol was added to give a final PMSF concentration of 2 mM. The cells were homogenized for 2 min in precooled 7 ml Teflon containers containing 2.5 g glass beads of 0.5 mm diameter. The crude enzyme extract was centrifuged for 2 min at IOOOOg. Small molecules were removed by passing the extract through a Sephadex G-25 column (1 x 30 cm) pre-equilibrated with 0.05 M-potassium phosphate pH 6.5 containing 0.5 mM-PMSF. For activation of trehalase, 150 pl of the extract (about 20 mg protein ml-I) was added to test tubes prewarmed at 30°C and containing 50pl of an activation mixture to give the following final concentrations in the sample : 3 mM-magnesium sulphate, 2 mM-ATP, 2 mM-theophylline, 10 mM-sodium fluoride, 2 mM-PMSF and 10 mM-potassium phosphate pH 6.5. PMSF was added to the activation mixture just before use. The samples were incubated for 10 rnin at 30 "C after which 5 p1 was removed and immediately used for trehalase assay.
Reproducibility of'results. All experiments were repeated at least twice with consistent results. Representative results are shown.
R E S U L T S

Sugar-induced trehalase activation
Addition of 100 mwglucose (and 5 mwpotassium phosphate) to acetate-grown yeast cells caused within 5 rnin a 10-fold increase in the activity of trehalase. After about 20 rnin the activity slowly decreased back to a low level (Fig. l a ) . In all experiments 5 mwpotassium phosphate was added together with the sugar since we found before that both in yeast ascospores (Thevelein et al., 1982) and in vegetative yeast cells (unpublished results) a small amount of phosphate stimulates trehalase activation. Under the conditions of our experiments (20 mg cells ml-l) the glucose level in the medium dropped from 100 mM to 50 mM in 2.5 h (results not shown). The peak of the trehalase activity was preceded by a transient five-to sixfold increase in the cAMP level of the cells (Fig. 1 b) . Addition of other sugars also caused activation of trehalase and increase of the cAMP level with the following decreasing order of effectiveness (for concentrations equal on a molar basis) : sucrose, glucose, fructose, glucosamine and maltose. The following sugars were practically ineffective : galactose, 2-deoxyglucose, lactose and 3-0-methylglucose; 25 mwglucose was somewhat less effective than 100 mM-glucose (results not shown). Mannose and raffinose were also effective but gave rather variable results (not shown).
J . M . T H E V E L E I N A N D M . B E U L L E N S
Inhibition by ethidium bromide and acridine analogues Tortora et al. (1982) observed that the DNA-stacking drug caffeine inhibits the glucoseinduced increase of the cAMP level and decrease of the fructose-1 ,&bisphosphatase activity in a very similar way. In the course of experiments on the long-term effects of RNA synthesis inhibitors on glucose-induced activation of trehalase, we discovered that the DNA-stacking drugs ethidium bromide, acridine orange and acriflavine caused short-term inhibition of the activation of trehalase. In the meantime it has been shown that acridine orange also inhibits the inactivation of fructose-1,6-bisphosphatase (Franqois et al., 1984) . The inhibition, which occurs at much lower concentrations than with caffeine, is apparently also due to suppression of the cAMP signal. This is shown in Fig. 1 for 2.5 mwethidium bromide and for 1 mM-acridine orange (lower concentrations were less efficient). The drugs had no effect on trehalase activity itself, or on the glucose oxidase test used to measure trehalase activity or on the measurement of cAMP with the Amersham cAMP assay kit. The residual levels in the dialysed extracts did, however interfere severely with the Lowry protein determination method and therefore the protein contents measured for the controls were also used for the drug-treated samples. Ethidium bromide and acriflavine had no effect on activation of trehalase in crude cell extracts while acridine orange caused a slight inhibition. These results indicate that the suppressive effect of the drugs on the increase of the cAMP level is most probably the major factor responsible for the inhibition of trehalase activation. Acridine orange was the most effective compound tested. Other acridine analogues, such as acriflavine, aminoacridine hydrochloride, proflavine hemisulphate and acriflavine neutral were somewhat less effective (results not shown). All these compounds are, like caffeine, well-known DNA-intercalating agents. Apparently, they also share with caffeine the property of having a particular affinity for sites in proteins, such as adenyl cyclase, that have an affinity towards adenine nucleotides (Tortora et al., 1982; Kihlman, 1977) .
Nitrogen source-induced trehalase activation
After the transient sugar-induced activation of trehalase, the enzyme could be reactivated rapidly by addition of a nitrogen source in the same medium. This is shown in Fig. 2 for 1 mMasparagine. A whole range of nitrogen sources produces the same effect, with, however, variable efficiency (unpublished results). Addition of the protein synthesis inhibitors cycloheximide or anisomycin caused a similar but slower reactivation of trehalase (results not shown). We have shown previously for another strain (NCYC 239) of S . cereuisiae, that this nitrogen sourceinduced reactivation of trehalase in the presence of glucose is not associated with a substantial increase of the cAMP level (Thevelein, 19843) . Fig. 2 shows that this is also true for reactivation of trehalase by 1 mwasparagine in strain Y55. Addition of a nitrogen source (e.g. asparagine) in the absence of glucose had no effect on trehalase activity or on the cAMP level (results not shown) .
When nitrogen sources, such as asparagine (Fig. 3) or (NH,)?S04 (Fig. 4) , or inhibitors of protein synthesis, such as cycloheximide (Fig. 3) or anisomycin (Fig. 4) , were added from the beginning together with glucose to acetate-grown yeast cells, the trehalase activity remained high for a much longer time. Chloramphenicol, a specific inhibitor of mitochondria1 protein synthesis, had no effect under these conditions, neither had actinomycin D (results not shown). As shown in Figs 3(b) and 4(b) , no differences could be detected in the time-course of the cAMP level: the initial increase during the first minute and the decrease afterwards were identical to those in cells which were given only glucose (with the exception of NH4C1 which caused some suppression of the initial cAMP peak). On the other hand, when the trehalase activity was kept at a high level by addition of membrane depolarizing agents (which are known to enhance artificially the cAMP level in yeast : Trevillyan & Pall, 1979; Mazon et al., 1982) , such as azide (Fig. 3) or dinitrophenol (Fig. 4) , the cAMP content of the cells also remained at a high level. This indicates that in order to obtain a continuously high CAMP-induced trehalase activity a continuously high cAMP level is needed. Figs 3 and 4 Following previous results of experiments on the reversibility of trehalase activation in yeast ascospores (Thevelein & Jones, 1983) , we investigated, for vegetative cells, whether the increase in the trehalase activity was correlated each time with a proportional increase in the CAMP level. In the experiment shown in Fig. 5 , trehalase was activated by incubation of the cells with glucose and potassium phosphate for 30 min and inactivated by resuspension in glucose-free medium also for 30 min. This was repeated three times. In Fig. 6 trehalase was activated for 60min and inactivated for 30min. This was repeated four times in a similar way to the experiment in Fig. 5 except that for the last activation step asparagine was added together with glucose and potassium phosphate. in the presence or absence of a nitrogen source. Activation was done at the times indicated by the arrows for 60 min with 100 mM-glucose and 5 mM-potassium phosphate in 25 mM-MES buffer pH 6 and inactivation was done for 30 min in 25 mM-MES buffer pH 6. In the last activation step 20 mMasparagine was also added. Solid lines represent activation periods, dashed lines represent inactivation periods. trehalase activation the increase in the cAMP level was roughly proportional to the increase in the trehalase activity (Figs 5 and 6) . On the other hand, addition of a nitrogen source together with glucose caused complete reactivation of trehalase without a corresponding increase in the cAMP level (Fig. 6) .
* -
Activation of trehalase in vitro
It has been demonstrated several times that in cell extracts of yeast trehalase can be activated by incubation with cAMP and ATP in a manner indicating activation of the enzyme by CAMPdependent protein phosphorylation (Van der Plaat, 1974; Van Solingen & Van der Plaat, 1975; Londesborough, 1982; Wiemken & Schellenberg, 1982; Uno et al., 1983) . Uno et al. (1983) demonstrated that activation in vitro of partially purified trehalase was correlated with increased phosphorylation of a protein which most probably was a subunit of trehalase. These results strongly suggested involvement of protein phosphorylation in the regulation of trehalase. In our experiments with cell extracts of strain Y55 the critical cAMP concentration range was between 0.1 and 1-2 PM (Fig. 7) . Activation of trehalase in vitro was specific for CAMP: adenosine and AMP had no effect (results not shown). cGMP, however, was also effective but at 10-fold higher concentrations than cAMP (Fig. 7) . In the absence of cyclic nucleotides there was no activation of trehalase (results not shown), which is a good measure of the integrity of the CAMP-dependent protein kinase. The extent of trehalase activation in vitro was about 60% of that observed in uico.
cGMP and trehalase activation Because cGMP was also effective in the activation of trehalase in uitro, we investigated whether it could be involved in the effect of nitrogen sources and protein synthesis inhibitors. In general, the cGMP level was about 10-fold lower than the cAMP level (Figs 8 and 9 ) which, combined with the 10-fold higher level needed for activation in uitro, makes it already unlikely that cGMP would be involved in the regulation of trehalase in uiuo. Addition of glucose caused some rapid fluctuations of the cGMP level, which were, however, very variable between different experiments. Addition of either asparagine (not shown) or cycloheximide (Fig. 8) together with glucose from time zero did not appear to affect the cGMP level significantly. The same is true for addition of asparagine subsequent to the glucose-induced peak in the trehalase activity (Fig. 9 ).
DISCUSSION
C A M P and sugar-induced trehalase actication. In our experiments, the cAMP content of acetate-grown yeast cells increased upon addition of 100 mwglucose and 5 mwpotassium phosphate from between 0.5 and 1 nmol (g wet wt)-' to between 2 and 3 nmol (g wet wt)-' (Figs  1-6 ). This corresponds with an increase in the estimated intracellular cAMP concentration from about 1 VM to about 5 VM. The values obtained are similar to those previously published for stationary phase cells and acetate-grown cells of yeast (Thevelein, 19846) . They also agree very well with those published by other workers for stationary phase cells (Van der Plaat, 1974; Purwin et al., 1982; Tortora et al., 1982 Tortora et al., , 1983 with the exception of Mazon et al. (1982) who found an increase of the estimated intracellular cAMP concentration from 0.3 PM to 1.2 WM.
Nitrogen source-induced trehalase activation. Our previous results on the reactivation of trehalase by nitrogen sources in the presence of glucose in yeast tentatively suggested that it was not mediated by a change in the cAMP level (Thevelein, 1984b) . At that time, however, it was not clear to what extent the increase in the cAMP level was needed to cause full activation of trehalase. To gain more information in this respect, a number of experiments were done in which trehalase was activated to different degrees. Activation of trehalase with membrane depolarizing agents (Figs 3 and 4) indicated that for high trehalase activation a high cAMP level is needed. The same was observed in the presence of inhibitors (Fig. 1 ) and in the reversibility experiments (Figs 5 and 6) . From the experiments with membrane depolarizing agents an additional conclusion can be drawn. In the presence of azide and especially dinitrophenol the glucose-induced increase in the cAMP level was much higher than that in their absence. The initial increase in trehalase activity however was the same, which indicates that the glucoseinduced increase in the cAMP level is high enough to cause activation (i.e. phosphorylation) of all trehalase molecules present in the cells. The observations made in the present paper support the idea that the transient increase in the cAMP level acts as a signal for the glucose-induced activation of trehalase. Recently, Franqois et al. (1984) came to a similar conclusion using a temperature-sensitive mutant of S . cereuisiae lacking adenylate cyclase at the restrictive temperature.
When high trehalase activity was induced by addition of nitrogen sources or protein synthesis inhibitors, the cAMP levels were never significantly affected (Figs 2, 3,4 and 6). This indicates that nitrogen source-induced trehalase activation is not mediated by a change in the cAMP level. It also seems to exclude changes in the distribution of free and protein-bound cAMP being involved since this would not result in the high cAMP levels which apparently are required for full trehalase activation. Another indication that carbon and nitrogen sources activate trehalase by a different mechanism is the large difference in concentration dependence. For pronounced trehalase activation by glucose a concentration of at least 10-15 mM is required. To obtain the same effect with asparagine less than 1 mM is sufficient (unpublished results).
In the presence of glucose, trehalase activity often shows a slow second increase about 2 h after addition of the sugar (Figs 3, 4 and 8) . The extent of this increase however is variable. It might be caused by the generation of amino acids from internal sources, such as mobilization of vacuolar reserves or stimulation of intracellular protein breakdown, triggered by the nitrogen starvation condition in which the cells are placed. These processes are well known to occur in nitrogen-starved yeast (Cooper, 1982) . Figs 3 and 4 show that this putatively nitrogen-induced increase in trehalase activity is also not associated with a change of the cAMP level.
Although we have not shown that trehalase activation by nitrogen sources is also mediated by phosphorylation, this appears to be most likely. Whether the same CAMP-dependent protein kinase is involved as in CAMP-triggered trehalase activation, however, remains unclear. If the effect of nitrogen sources and protein synthesis inhibitors on trehalase activity is mediated by a 'CAMP-dependent' protein kinase, our results would indicate that measurements of the total cAMP level in yeast, in general, are not very relevant for the activity of the 'CAMP-dependent' protein phosphorylation system in vivo. The simplest hypothesis to explain the effect of nitrogen sources and protein synthesis inhibitors would be that a common consequence of the addition of these compounds (e.g. increased aminoacylation of tRNA) would stimulate a protein kinase independent of any change in the cAMP level (or dependent only on a constant basal cAMP level). (Experiments in which activation of trehalase was tried in vitro by addition of nitrogen sources instead of cAMP did not give positive results; unpublished.) The increase in trehalase activity after addition of nitrogen sources is much faster compared to that induced by protein synthesis inhibitors. This seems to confirm that protein synthesis inhibitors activate trehalase indirectly, by preventing utilization and hence depletion of the internal nitrogen sources in the cells.
cGMP and trehalase activation. cGMP-induced activation of trehalase in vitro was also reported by Londesborough (1 982). However, he only used a very high concentration of 200 PM for cGMP and CAMP, which according to our results would not allow the difference in effectiveness between the two cyclic nucleotides to be detected. The results shown in Figs 8 and 9 indicate that, like CAMP, cGMP also does not seem to be involved in the effect of nitrogen sources and protein synthesis inhibitors. All other evidence obtained here and before (Thevelein, 19844 , however, strongly points to regulation of trehalase by CAMP-dependent protein kinases. The mechanism by which nitrogen sources and protein synthesis inhibitors could influence the activity of these or other protein kinases is being investigated further.
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